Measuring properties of quantum systems is governed by a stochastic (collapse or state-reduction) law that unavoidably yields an uncertainty (variance) associated with the corresponding mean values. This non-classical source of uncertainty is known to be manifested as noise in the electrical current of nanoscale electron devices, and hence it can flaw the good performance of more complex quantum gates. We propose a protocol to alleviate this quantum uncertainty that consists of (i) redesigning the device to accommodate a large number of electrons inside the active region, either by enlarging the lateral or longitudinal areas of the device and (ii) re-normalizing the total current to the number of electrons. How the above two steps can be accommodated using the present semiconductor technology has been discussed and numerically studied for a resonant tunneling diode and a Mach-Zehnder interferometer, for classical and quantum computations, respectively. It is shown that the resulting protocol formally resembles the so-called collective measurements, although, its practical implementation is substantially different.
Introduction
Assessing the future of emergent technologies is not an easy task. Today there is a lively debate in the scientific community about whether classical or quantum computing will offer better performance in the coming future. At present, the field effect transistor is still the most efficient device to perform classical computations. The electronic industry is able to fit 10 10 transistors all together in a single chip, working at frequencies of a few GHz [1] . State-of-the-art transistors, with nanoscale dimensions, are quantum devices in the sense that their ability to convert the input into output information is based on quantum laws governing electron transport [2] . In digital binary classical computing, the logical state '1' is encoded into a value of a well-defined measurable physical property of the transistor, while the logic state '0' corresponds to a different value of such property. Usually the physical properties used in electron devices for classical computing are the electrical current or the voltage in different (input and output) terminals. It is important to notice that although the transistor is a quantum device whose performance is determined by the evolution of quantum states, these quantum states are not directly used to encode information in classical computing.
In quantum computing [3] , contrarily, the logical state '1' is directly encoded in a quantum state of the physical system, namely |1 → ψ 1 ( r, t) where r represents the degrees of freedom of the system. Similarly, the logical state '0' corresponds to another quantum state |0 → ψ 0 ( r, t). Because of the quantum superposition principle, a sum of the two physical states, a|1 + b|0 where a and b are complex numbers, is also a valid physical state of the system. As a consequence, quantum mechanics offers the possibility of operating simultaneously on the logical states '1' and '0'. This opens classically inaccessible computing possibilities.
Many companies and researchers are advocating for quantum computing. Among many others, for example, Google has said that its state-of-the-art quantum chip will be the first to perform calculations beyond the best existing classical supercomputers [4] . Other companies and researchers, on the contrary, understand quantum computing as an exciting discipline, with an unquestionable scientific interest, but argue that quantum technologies will not substitute our classical computing machines at home (because quantum computers are complex, expensive and built using a more immature technology) [5, 6] . In any case, without making any risky prediction, what seems clear today is that classical and quantum computing are both valuable research avenues.
Any classical or quantum computation using quantum devices is implemented following three main steps: (i) initial preparation of the quantum state, (ii) unitary evolution of the state and (iii) the final measurement of the state. In this paper, we will focus on the last step for both classical and quantum computations. The measurement step is linked to the quantum uncertainty [7] that implies a practical inconvenience since it gives rise to quantum noise at the output of the device (The reader can argue that the uncertainty disappears when the quantum state is prepared as an eignestate of the projective (measuring) operator. However, typically, the preparation of the state of an electron being injected into the active device region from the contact (reservoir) is done by the contacts itself, which do not provide such eigenstates). Solid-sate quantum electron devices are unquestionably the best technology to implement classical computing. It is, however, not clear today which will be the best technology for quantum computing. In any case, it seems clear that the possibility of implementing quantum computing algorithms with solid-sate devices would benefit from the maturity of the existing technology and offers the possibility of making quantum computing platforms compatible with classical ones.
The paper is structured as follows. In Section 2, we will propose a simple protocol that allows evading the quantum uncertainty associated with the measurement process in quantum electron devices, for either classical or quantum computing applications. This is the main result of this work. In Section 3, we will first investigate the measurement of the electrical current under this protocol for a resonant tunneling diode (RTD) understood as a quantum electron device useful for classical computing. Later, in Section 4, we will analyze the measurement of the electrical current in a Mach-Zehnder interferometer (MZI) which is tailored to design the logic gates suitable for implementing quantum computing. We will conclude in Section 5. More technical details are presented in the appendices.
Quantum Uncertainty: The Problem and the Solution
In this section, in order to simplify the discussion and better understand the problem and the solution explained here, we made the following simplifying assumptions. First, we will focus on a quantum electron device with just one degree of freedom indicated by r. The consideration of more realistic situations, with many degrees of freedom in a quantum device, would not modify the conclusions drawn here and would only complicate the notations and understanding of the results. See Appendix A for the straightforward generalization of the present results to an unmodified (original) quantum device with many degrees of freedom in the active region.
Second, we will assume that the measurement of the electrical current of the quantum electron device is done through a projective (strong) operator and that the state of the system after the measurement is just an eigenstate of this operator. In other words, we will assume that the measurement process is done with a projective value measure (PVM), while it has been argued that the realistic type of measurement of the electrical current is better described by a positive operator valued measure (POVM) [8, 9] . In any case, the explicit consideration of a POVM to describe the measurement process will not add any relevant point in the discussion. In Appendix C, we explain with more detail the measurement of the electrical current in a realistic quantum electron device as a POVM.
The Problem
The first step to implement a classical or quantum computing algorithm using quantum devices is the initial preparation of the quantum state associated with the quantum electron device ψ in ( r, 0). In quantum computing, the initial state is directly linked to a combination of two states, ψ 1 ( r, 0) and ψ 0 ( r, 0), respectively associated with the logical values '1' and '0', whereas in classical computing, the link between logical information and initial quantum state is not direct. Typically, a quantum device for classical computation is connected to the external world through the contacts (also know as reservoirs) that determine the electron wave function depending on temperature and doping conditions. The input logical information is then linked to a value of an observable I, not directly to the quantum state. We have used the symbol I to remind readers that hereafter, we will consider the electrical current as the physical magnitude where information is encoded.
The second step is the manipulation of the initial quantum state through the quantum electron device (also known as gate in the literature). Typically, such manipulation, whether in classical or quantum computing is done through a (usually unitary) operatorÛ(t, 0). In quantum computing, the final state ψ out ( r, t) =Û(t, 0)ψ in ( r, 0) is directly linked to the output logical information, while in classical computing the output logical information is linked to an observable I associated with this final state through a measurement process that we describe below. See Figure 1a where different gates of an RTD which are connected to exemplify a classical computation gate connected through output values of the electrical current (or voltage), while the connection among different gates of the quantum computing device is done through the wave function itself as depicted in Figure 1b .
The third and last step, both in classical or quantum computing algorithms, is the measurement step. To get the final observable value I in classical computing, the quantum electron device has to be measured through a (non-unitary) process. Such non-unitary process is depicted as an ammeter in Figure 1 . The evolution from the final state to the measured state, ψ out ( r, t) → ψ I ( r, t), is called collapse or reduction of the wave function. The subindex I here refers to the measured state of the current which corresponds to an eigenvalue I of the eigenfunction ψ I ( r, t) associated with the operator I. In quantum computing, the final wave function ψ out ( r, t) is not directly measurable in a single shot measurement. Instead, the logical information assigned to this final quantum state has to be indirectly deduced from the measurement of an observable assigned to such final state. See Figure 1b . Notice that the measurement in quantum computing has to be done only once, at the end of the gate, because each measurement collapses the wave function, destroying the required superpositions of different states in the quantum computing algorithms.
The process of measurement involves a quantum uncertainty which is a consequence of the fact that each time a quantum measurement is done, the wave function collapses into an eigenstate of the operatorÎ associated with the measuring apparatus. The observable output I out is a random value equal to the eigenvalue associated with the mentioned eigenstate. In general, and this is true for the measurement of the electrical current, the final state before measurement ψ out ( r, t) is not an eigenstate of the current ψ I ( r, t) = ψ out ( r, t). In fact, the final state can be written as a superposition of many different current eigenstates. Thus, each time we repeat an experiment to obtain information about the output current, we get different values. This randomness in the output values can be quantified through the probability distribution P(I) = | ψ I ( r)|ψ out ( r, t) | 2 given by Born's law. From a quantum engineering point of view, this quantum uncertainty (seen as noise in the current) is inconvenient for efficiently processing logical (either classical or quantum) information. In classical computations, the uncertainty on the electrical current can be eliminated by using the ensemble value of the current I computed from a large number of identical experiments, each one giving I i , with the subindex i identifying the experiment. The ensemble value is defined as
In principle, this ensemble value would require repeating the same experiment for a large set of N exp identical quantum electron devices. In practice, by invoking ergodic arguments, the repetition of the experiment is substituted by measuring at different times in the same quantum electron device. Thus, instead of defining the signal of the output logical value as the instantaneous current I 1 (which has noise) one defines it as the DC value of the electrical current I computed during a large time interval (which has no noise). This solution is efficient for reducing the noise, but it requires a large measuring time. (In our simulation example with an RTD with a device active region length of 10 nm, the injection time of 0.05 ps and the velocity of electrons as 10 4 m/s, the time after which we get the non-fluctuating value of the current is around 50 ps. In any case, the measuring time is again a parameter that depends on many factors, like injection time, velocity of electrons, electron density, level of tolerable uncertainty. etc., and that can be enlarged or reduced as desired by manipulating these parameters.)
The quantum uncertainty described above represents also a problem for quantum computing. In fact, although the logical output information in quantum computing is encoded in the final wave function ψ out ( r, t) (not in an observable I i ), the quantum state ψ out ( r, t) is not itself an observable (i.e., it cannot be measured in a single shot measurement). Thus, the quantum state of the system needs to be deduced from the expectation value I . Again, the measurement process of such observable I has the same inconveniences mentioned above for classical computing, due to the quantum uncertainty. We notice that in a quantum computing algorithm, with many interconnected quantum gates, the measurement of the observable is done only at the last gate. In fact, trying to measure at an intermediate gate would be understood as a type of decoherent phenomena that would dramatically perturb the unitary evolution required in typical quantum algorithms. In Figure 1 we encircle the regions of the connected gates where the dynamics of electrons are supposed to be governed by unitary quantum evolutions. From Figure 1 , one can understand why decoherence is a serious problem for quantum computing, but not for classical computing. In an array of interconnected classical computing devices, the decoherence that can appear at the output of each particular device due to the measurement does not affect the performance of the algorithm because the interconnection between devices is done in terms of observables (not in terms of wave functions).
In summary, the electrical current in nanoscale devices, for classical or quantum computing, has an inherent quantum uncertainty, seen as noise in the measured value of the electrical current. Since the information is usually encoded in the average value I of the electrical current, we require an effort to wash out the noise from the measured current to get valid information. The typical solution in the literature to wash out the noise is repeating the experiment many times (or using the ergodic theorem to get I after a large time).
The Solution
In this work, we explain a novel solution to the problem discussed above about reducing the quantum noise induced by the measurement process. We argue in this paper that such noise can be eliminated by modifying the quantum device to accommodate N → ∞ electrons, simultaneously. We will show that the dispersion of a random distribution of the (normalized) electrical current of N → ∞ electrons tends to zero, which implies eliminating the quantum noise.
Let us consider an original or unmodified quantum electron device (before applying our protocol) that has only one transport electron, at each time, responsible for the measured current. Such electron at time t in is described by a single particle quantum state |ψ 1 (t in ) where the superindex 1 refers to this first electron. We are measuring the current through a single particle operatorÎ 1 . If the state |ψ 1 (t in ) is not an eigenstate of the operatorÎ, then, the measurement of the I gives rise to the quantum noise discussed in the previous subsection (we notice again that the generalization to more electrons is done in Appendix A).
The solution that we propose to minimize the quantum noise requires designing a new quantum device (that we will refer to as the modified quantum device or just the quantum device) so that this new device satisfies the following two conditions:
• Condition 1: We enlarge the original quantum electron device in order to accommodate a large number of electrons N → ∞ simultaneously. Then, the many-particle wave function Ψ T (t in ) that defines this N electrons at time t in is:
where the wave function |ψ i (t in ) is the single electron wave function that corresponds to the i-th electron prepared under the same conditions that we have used to prepare the wave function |ψ 1 (t in ) in the original quantum electron device.
Strictly speaking, the condition N → ∞ is inaccessible in a practical scenario. We will see numerically in the following sections that a finite number of electrons is enough to drastically reduce the quantum noise. Identically, if the number of transport electrons in the original (unmodified) quantum electron device is already larger than one, the solution proposed here is still perfectly valid. See Appendix A for a generalization of the present protocol to more than one electron in the unmodified electron device. Finally, as can be seen in Equation (1), we assume a many-particle wave function of non-interacting electrons. This is obviously an approximation in realistic quantum devices since these electrons will suffer exchange and Coulomb interactions. In Appendix D, we test our protocol under the exchange symmetry for two electrons. Under the assumption of an initial negligible overlap of the wavepackets our protocol does not deviate from the actual result. These issues will be further elaborated in the practical implementation of this protocol in next two section.
We mention that some (small) variation in the preparation of the state |ψ 1 (t in ) , |ψ 2 (t in ) ,... forming Ψ T (t in ) is allowed. For example, the time delay between the injection of different single electron wave packets can vary. Also the central position of the wave packets along the lateral dimension of the device can be different. Similarities between different wave packets have to be enough to justify that the probability distribution of the values of the current is identical for all single electron wave packets.
• Condition 2:
We substitute the measuring apparatus associated with the single particle operator I 1 with a new measuring apparatus whose associated many-body operatorÎ T is:
whereÎ i =Î ⊗ .... ⊗Î i ⊗ ... ⊗Î acts only on the quantum state |ψ i (t in ) andÎ is the identity operator in the small Hilbert space of each degree of freedom. Notice the presence of the factor N → ∞ in the denominator of the operatorÎ T .
In next section, we will show the physical soundness of the many-particle operator in Equation (2) for typical semiconductor electron device technology.
Now let us formally demonstrate that the dispersion of the electrical current of the modified quantum device (satisfying condition 1 and condition 2) is zero. For the operatorÎ T defined in Equation (2), we calculate the variance of the I 2 T as the mean square value of the operatorÎ T as:
By construction of the wave function in Equation (1), we know that the mean values ψ j |Î j |ψ j are all identical for any j. Therefore, we can consider ψ j |Î j |ψ j = ψ 1 |Î 1 |ψ 1 because all electrons are described by the same wave function and we can rewrite Equation (3) as follows,
Therefore, when N → ∞, we get:
Now, we have to demonstrate that the logical information provided by the modified quantum device dealing with I T is the same as the one that one gets from the original quantum device. As we discussed, the logical information of the original quantum device was represented by the mean value of the current Î 1 and not by the instantaneous value I 1 (which was too noisy due to quantum uncertainty). It is quite simple to demonstrate that I T = Î 1 for N → ∞. By construction, we know Î 1 = Î j , from Equation (2) we get Î T = N I 1 /N = Î 1 and with Equation (5), we conclude that the dispersion σ I T of the distribution of the total current I T is zero:
The result σ I T = 0 in Equation (6) implies that the distribution of I T is a delta function around Î 1 . This implies that in every measurement one gets the mean value of the single particle average current
It can be easily checked that the state in Equation (1) in the limit N → ∞ is, in fact, an eigenstate of any operator of the type of Equation (2) at any time. This state, with this unusual property, has been used by one of the co-authors to study the quantum-to-classical transition [10] . In addition, a similar state and operator as the ones invoked in our condition 1 and condition 2 has been used to develop the new concept of collective measurements [11, 12] . Such collective measurements do really invoke multiple physical repetitions of the quantum system, while in our paper we make use of this idea in the same many-particle state and operator and in a single (modified) quantum device. In other words, the demonstration provided above is mathematically equivalent to the one that appears in the theory of collective measurements, but their physical implementation in the laboratory is radically different. In the rest of the paper, we will show how these two conditions can be effectively implemented with the semiconductor electron device technology in a single device for classical and quantum computing.
Application to Classical Computing Device: Resonant Tunneling Diode
As an example for the application of the discussed protocol in a classical computing device, we consider the computation of the electrical current in an RTD. This type of electron device is a pure quantum device, whose performance is based on tunneling, and has been successfully implemented in some particular high frequency applications particularly to explore the missing THz gap for various analog and digital applications [13] [14] [15] [16] . The main element that defines an RTD is a double barrier potential created, for example, by alternating Gallium Arsenide (GaAs) and Aluminum Gallium Arsenide (AlGaAs) III-V semiconductors with different energy gaps, as shown in Figure 2 . The combination of low band gap and high band gap semiconductors leads to the formation of a well in the potential energy profile, which gives rise to discrete set of energies inside, known as resonant energies.
As depicted in Figure 2 , two reservoirs or contacts emit or collect the electrons through the RTD structure. We name the left contact as source (also known as emitter in the literature) and the right contact as drain (also known as collector in the literature). These contacts are responsible for the first step of classical computing algorithm: the preparation of the initial quantum states. The energy of the injected electrons is determined by the Fermi-Dirac statistics (depending on the doping conditions of the contacts). A regular injection of electrons is assumed according to the discussion of the Appendix B. The second step of the classical computing algorithm is carried out by the barrier structure that determines whether the injected electrons are effectively transmitted or not. An electron incident on the double barrier with an energy equal to one of the resonant energies tunnels through the barrier, being transmitted with a transmission coefficient T close to one, while electrons with other energies have a transmission coefficient close to zero. An external potential between the drain and source potentials, modifies the double barrier potential energy profile, controlling the ON and OFF currents. One value of the current can be assigned to the logical output information '1' and the other to the '0'.
The last step of the classical computing algorithm is the measurement of the ON or OFF current which implies the measurements (collapse) of the quantum wave function assigned to electrons inside the RTD, which provides the undesired quantum uncertainty in the output values of the current. We discuss next how the conditions of Section 2.2 can be implemented.
Implementation of Condition 1 and Condition 2
We consider that the RTD depicted in Figure 2 corresponds to the modified design of the device that accommodates a large number of N electrons simultaneously inside. In this particular device, enlarging the lateral area A is enough to enlarge the number of electrons inside the RTD. We can reasonable assume that the contact prepares the wave packets of each electron in a similar way so that the condition 1 of our protocol in Equation (1) is easily satisfied. Certainly, a point that requires further discussion is how to ensure that the many-body wave function of electrons in the active region of this modified device can be approximated by the non-interacting wave function in Equation (1). In the Appendices A and B some qualitative indications are mentioned. A different solution for minimizing the undesired Coulomb and exchange interactions will be discussed in next section, for quantum computing.
To satisfy the second condition we have to ensure that all electrons inside the device contribute equivalently to the measured value of the electrical current. A detailed discussion of the conditions that have to be satisfied by the quantum device to ensure this point is provided in the Appendix C. We anticipate here that such discussion is greatly simplified by associating to each electrons a quantum (Bohmian) trajectories, whose positions and velocities are well-defined even in absence of a measurement, in addition to the orthodox wave function. Then, the electrical current due to the simultaneous contribution of all electron leads to the following expression,
As discussed in the Appendix C the above expression assumes that the lateral dimensions of the (two terminal) electron device are much larger than the longitudinal one, and that the contacts are formed by metals with a fast screening time in comparison with that on the active region. The condition 2 of our protocol to define the current operator as in Equation (2), requires to define the output instantaneous value of the current as,
The value of N(t) ≈ N can be assumed to be proportional to the enlarged lateral area, and the value I T (t) computed from I exp (t) after knowing the ratio of the modified/unmodified areas. The detailed discussion on the definition of the current and the implications of condition 2 is given in Appendix C.
Numerical Results
In this subsection, to show how the quantum uncertainty of the values of the measured electrical currents can be controlled, we compute the autocorrelation function of the current I T defined as:
where P(I k T , I ω T ) is the probability associated with the subsequent measurement of the multiparticle state |Ψ T at two times t 1 and t 2 > t 1 , with I ω T and I k T defined as the output values of the current at times t 1 and t 2 , respectively.
As indicated in the previous section, for practical reasons in the computation of the particle and displacement components of the current, we will use a wave function plus a Bohmian trajectory for each electron in the computation of the dispersion of I T in the modified quantum device through expressions in Equations (7) and (8) . The measurement of the current in an electrical device is a weak measurement process [8] in the sense that the perturbation of the wave function due to the measurement process is not very dramatic. This type of measurement is mathematically represented by three subsystems: the quantum system, the measuring apparatus plus an intermediate system or ancilla. In fact, the system interacts with the ancilla during the measurement (not with the apparatus) and the apparatus measures the ancilla (not the system). This indirect way of getting information of the system by measuring the ancilla implying that the output value of the total current has the quantum noise of the system plus the quantum noise of the ancilla. In our particular example, the ancilla is just the cable (in fact there are a very large number of electrons) connecting the RTD with the ammeter [8] . As indicated in the previous section, for practical reasons in the computation of the particle and displacement components, in addition to the wave function, each electron will be described by a Bohmian trajectory. Figure 2 . A 3D schematic of the RTD where the green material represents GaAs while the red represents AlGaAs. The alternating AlGaAs-GaAs-AlGaAs structure results in a potential well with discrete resonant energies.
As we have mentioned, the elimination of the quantum uncertainty in the measured current implies that the total wave function in Equation (1) is an eigenstate of the many-particle operator in Equation (2). Then, the first measured value of the current I T (t 1 ) at time t 1 has no influence on the output of a second measurement I T (t 2 ) at time t 2 , and it can be shown [17] that the two time probability of the autocorrelation given in Equation (9) can be written as the product of two independent probabilities, which leads to the following expression of the two time correlation in Equation (9),
The condition in Equation (11) is a test of the fact that the quantum uncertainty has disappeared in the measurement process of the modified device. Please note that from a pure engineering point of view, the autocorrelation mentioned above contains rich information on the high frequency response of the quantum device. In order to get the frequency response of the device we compute the power spectral density which is just the Fourier transform of the autocorrelation function (since the current signal has a constant mean, it is in a wide sense a stationary process, hence the auto-correlation depends only on the time difference t = t 2 − t 1 . Therefore the auto-correlation function and the PSD form a Fourier transform pair). We therefore define the power spectral density due to the unmodified system, i.e., the system where the protocol is not applied, as
} for the modified system where the protocol is implemented. Here F represents the Fourier transform operator. Finally we can define the relative error (RE) as:
which is plotted in Figure 3 . The RE in Equation (12) contains quantum noise at all frequencies. Since all electrical devices are, in fact, a low pass filter, it is interesting for engineering purposes to quantify the error as a function of the frequency. A value of the RE equal to zero indicates that the quantum uncertainty (of the system and ancilla) has been eliminated which has a direct correspondence with the increase in the transport electrons in the device that can be further attributed to a large transmission or a large average current. Besides this it is also easy to see that to arrive at a zero quantum uncertainty we do not need an infinite number of electrons.
In our simulation the total number of electrons injected is given by N = t/τ in where t is the total simulation time (the time after which the mean current reaches a constant value) and τ in is the injection time of electrons. Now we know that I T = qT f e τ in where T is the transmission coefficient and f e is the Fermi function which we assume to be unity. So it is straightforward to see that N = t I T qT f e . We used the total time of simulation as 50 ps , T = 0.7, f e = 1 and I T = 5 µA . These values correspond to a point in graph where the uncertainty starts to disappear which gives us the value of N ≈ 2232. Which is a large value but not infinite. 
Application to Quantum Computing Devices: Mach-Zehnder Interferometer
We provide now an example of our protocol for reducing the quantum uncertainty in a quantum computing device. Quantum computing algorithms require a suitable set of quantum gates to reproduce logical operations [18] [19] [20] . With respect to most recent implementations, mainly based on superconducting [21] or single-ion qubits [22] , solid-state devices are promising candidates because of their scalability and potential to be integrated into classical circuitry. In this section we will study how the quantum uncertainty can be eliminated in a solid-state MZI acting as quantum gate.
It is important to notice that any practical implementation of a quantum gate tends to have a non-negligible interaction between the quantum system and the environment (in terms of scattering with photons, background charges, impurities etc.) even when no measurement is designed. This interaction affects the expected unitary evolution of the state of the quantum system and produces loss of the logical information encoded in the state (decoherence). In solid-state MZI proposal, decoherence can be successfully minimized by injected electrons in edge states, chiral conductive channels generated in the Integer Quantum Hall regime [23] . Then, a strong enough magnetic field B is applied perpendicularly to a 2DEG, so that the band structure is discretized into Landau levels. In proximity to the confining potential of the device, the system eigenstates form chiral channels where an electron propagates coherently for large distances [24] . The chirality of such edge states prevents the electron to be back-reflected by eventual impurities on its path, unless it is scattered to the counterpropagating edge channel by a narrow quantum point contact [25, 26] . Coherent transport of electrons in edge states has been tested in a large variety of semiconductor devices, as Fabry-Perot interferometers [27] , Hanbury-Brown-Twiss [28] and Hong-Ou-Mandel interferometers [29] , thus validating the Integer Quantum Hall regime as an ideal framework to implement solid-state quantum logic gates [30] .
Our MZI is schematically depicted in Figure 4 . To simplify the discussion, as done along the whole paper, only one degree of freedom (one qubit) is considered for the unmodified quantum device. The generalization of the present protocol to a realistic quantum computing gate with more qubits, is explained in Appendix A. We consider that a contact or reservoir (as elaborated in Appendix B) is connected to the source contact (S1) in Figure 4a filling only one Landau level and all injected electrons have the same wave function |0 , but displaced in time by the distance τ in v x , as depicted in Figure 4b . At this point, we have not yet constructed the superposition of states to get our initial qubit. In our device setup, a potential dip or a quantum point contact acts as a half-reflecting beam splitter by randomly scattering the electron in one of the two available edge channels [31] [32] [33] so that the description of the quantum electron in the central region of our MZI is given by the quantum bit a|0 + b|1 . This conclude the first step of the preparation of the quantum state. Then, a tunable potential mesa generated by top gates further separates the two quantum rails, so that the traveling electron accumulates a different phase according to its path [34] as shown in Figure 4a . The two electron beams are then recollected at the second beam splitter to produce the electron interference which is the second step in a quantum device for the (unitary) manipulation of our initial quantum logical information. The final step is the measuring of the observable associated with the final qubit a |0 + b |1 by the detectors D1 and D2 in Figure 4 . As in the case of the RTD, typically the electrical current (which is proportional to the transmission probability from source i = 1 to detector j = 1, 2) is used to indirectly identify the final qubit [35] . The magnetically dependent transmission probability T 21 (B) for an electron in the input channel S1 to be detected at D2 can be analytically computed by means of a simplified 1D model based on the scattering matrix approach, as in Ref. [34] and reads:
where T is the transmission coefficient of the single beam splitter and Φ is the total phase difference accumulated in the MZI:
Aharonov-Bohm oscillations in the transmission amplitude [36] are then driven by a variation of the magnetic field B or the loop area A, affecting the phase Φ. This platform can be used to implement other electron interferometry schemes for single electrons, e.g., Fabry-Perot geometries [27] , or two interacting electrons [31, 37, 38] . Let us notice that the consideration of more qubits in the unmodified quantum device will just require occupying different Landau levels, but the basic understanding of how the uncertainty in the measurement can be controlled will not be modified by the presence of more qubits.
Implementation of Condition 1 and Condition 2
As with Section 3, here too we ensure that our modified quantum device satisfies the conditions mentioned in Section 2.2. Here condition 1 can be obtained with a different strategy than the one used for the RTD since electrons are entering in the MZI one by one (as in a quantum wire). The strategy is enlarging the length L of the arms of the active region of the device (between S1 and D1, D2) to increase the number of simultaneous single particle wave packets that fit inside the device. We argue in the Appendix B that a natural way in the injection of electrons from the contacts in the device is at time intervals τ in , as defined in Equation (A8) in Appendix B. Neglecting the thermal noise of the contacts the spatial separation between electrons is therefore given by τ in v x as plotted in Figure 4 . Notice that such spatial separation ensures that the consideration of non-interacting electrons required in Equation (1) is more accurate for our modified MZI than for the RTD mentioned before.
As indicated in Appendix C, the consideration of metallic contacts with a lateral area A satisfying √ A L is necessary condition to be able to successfully use Equation (7) in the computation of the experimental current. Notice that enlarging the lateral area A does not imply an increment of the number N of electrons here since electrons can only enter inside the device, one by one, in the 1D edge channels. Besides this condition 2 can again be obtained by post-processing the experimental current I exp as indicated in Section 3, by fixing the total time T that we allow the electrons to enter inside the enlarged active device region, N = T/τ in .
Numerical Results
To prove the discussions in the previous sections numerically we implemented the Mach-Zehnder like behaviour in the simulations. We were able to attain the Aharonov-Bohm oscillations where the maximum and the minimum value of the current obtained in one of the drains of the MZI oscillates with the change in the magnetic field (see Figure 5a ). These oscillations are a signature of the correct working of our simulations. As expected, we observe that the instantaneous current I T (t) computed in the quantum device with a large number of electrons is much less noisy than the ones with fewer electrons, as plotted in Figure 5b . The noise in the current value due to fewer electrons results in very high fluctuations in the instantaneous value (black line in Figure 5b ) which forces the experimenter to record the values in several experiments to finally get an ensemble value which is non-fluctuating. However, with the successful application of our protocol the fluctuation of the instantaneous value of the current almost disappears (cyan line in Figure 5b ) as a result one needs to make just one measurement to get the correct value of the current. The final step of this protocol is determining the value of N which as discussed above can be given by N = T/τ in .
(a) (b) Figure 5 . (a) The Aharonov-Bohm oscillations of the mean current resulting due to the interference of the wavepackets at the output of the Detector 2 oscillating between the maximum and minimum limit of the mean current. (b) The instantaneous current normalized to the number of particles is plotted at the output of the detector 2 of the MZI with respect to the simulation time, for different number of electrons N. As expected, the noise in the current reduces with the increase in the number of transport electrons due to the elimination of quantum uncertainty demonstrating the successful implementation of the protocol discussed in the text.
Conclusions
The measured current associated with a quantum device with few electrons has a quantum uncertainty due to the intrinsic stochastic process of the quantum measurement of the electrical current. From an engineering point of view, this quantum uncertainty becomes an undesired quantum noise that makes the discrimination of the final state in classical or quantum gates more difficult. To avoid the quantum uncertainty in the evaluation of the output value, one usually repeats the measurement at different time (using ergodic arguments) to compute a time-averaged value free from uncertainties. We have presented in this paper a new protocol that modifies the original quantum electron device to accommodate a larger number of electrons inside, so that the total electrical current of the modified device (when normalized to the number of electrons inside) gives the value of the output current without quantum uncertainty. We provide numerical examples for classical and quantum computing, with an RTD and MZI, respectively. We demonstrate that the many-particle wave function associated with the modified device is, in fact, an eigenstate of the many-particle electrical current operator. The similitude and differences of our protocol with the collective measurements is mentioned in the text. The results of our protocol can be alternatively understood as a consequence of the central limit theorem (see Appendix E). Although the assumption of non-interacting quasi-particles can seem reasonable in nanoscale electron devices, further work is needed to check whether or not the presence of strong Coulomb and exchange correlations among electrons located inside the device can affect the present predictions. In addition, the discussion on the advantages of the protocol presented here needs to be explored for the quantum measurements of transient currents and delay time of classical and quantum gates. We notice that we have discussed in this appendix that if a system of N × M electrons are described by Equation (A3) (what we call condition 1 in the text) and if we use a (center-of-mass-type) operator in Equation (2) (what we called condition 2 in the text), then, the uncertainty in the measurement disappears in the lim N → ∞. A different question is how to ensure that a modified quantum device is effectively described by Equation (A3) and the measurement by the operator in Equation (2). This last point is what we discussed in detail in the implementations of our protocol with a RTD and a MZI in the text.
Finally, let us notice that the results in this appendix can be understood in a quite different way. It can be used to justify that some amount of Coulomb interaction (between nearest neighbors) can be accepted between the different N subsets. Let us consider again an unmodified system with only one electron described by the wave function ψ(x 1 , t in ). Let us consider that some of the electrons of the N subsets (not all) do have interaction among them. We define M as the number of electrons that have interaction among them (for example we can consider two-electron interaction, but neglect three-electron interaction). Then, the wave function that define these interacting electrons is ψ i (x i 1 , x i 2 , ..., x i M , t in ). If we assume that the (normalized to the number of electrons) probability distribution of the electrical current assigned to ψ i (x i 1 , x i 2 , ..., x i M , t in ) is not much different than the probability distribution of the electrical current assigned to ψ(x 1 , t in ), then, the demonstration in this appendix can be used to justify that our protocol can be reasonably valid when some interaction is accepted between nearest neighbors {x k 1 , ..., x k M } and {x l 1 , ..., x l M }.
Appendix B. The Injection Time
The phase space density of electrons in a reservoir can be anticipated by assuming that each degree of freedom of an electron needs a phase space area equal to 2π, which is usually derived by using the single particle wavefunction of electrons as the Bloch states and then introducing the Born-von Karman boundary conditions. The interpretation of this result for two wave packets with spatial dispersion σ x and wave vector dispersion σ k = 1/σ x , center positions x 01 and x 02 , and center wave packets k 01 and k 02 is simple. When they are far away from each other in the phase space, i.e., |x o1 − x o2 | >> σ x or |k o1 − k o2 | >> σ k , the norm of the two-electron wave function is equal to the unity. However, when the wave packets are approaching each other, the probability decreases. In particular, for x o1 = x o2 and k o1 = k o2 , we get ψ 1 (x) = ψ 2 (x) and Φ(x 1 , x 2 ) = ψ 1 (x 1 )ψ 1 (x 2 ) − ψ 1 (x 2 )ψ 1 (x 1 ) = 0. This is the time-dependent wave packet version of the Pauli exclusion principle (or exchange interaction) mentioned for time-independent Hamiltonian eigenstates.
For example, for electrons in a 2D space (with the position r = {x, y} and wave vector k = {k x , k y }), we consider a volume of the phase space equal to ∆x∆z∆k x ∆k z , with the degrees of freedom {x 0 , z 0 , k x , k z } satisfying
The total number of electrons in this phase space cell taking into account the properties of a fermion are,
where (2π) 2 is the volume occupied by a single electron in the 2D phase space. Then, the time of injection of an electrons in the x direction from this volume of the phase space will be given by:
where v x is the electron velocity in the phase space volume. It can be demonstrated [39] that interpretation of ∆x and ∆k x in terms of the wave packets mentioned above implies:
We notice that the condition σ x · σ k = 1 implies the desired condition ∆x · ∆k x = 2π. Then, the injection time in Equation (A5) is just:
which only depends on the properties of the reservoir.
Appendix C. Description of the Current Signal and Condition 2
We discuss here which are the necessary considerations to design the modified (new) quantum device that allows us to assume that all electrons inside it have identical simultaneous contribution to the total current I T .
The first step is identifying the proper single particle operatorÎ 1 . Then, once we identifyÎ 1 , we can compute the eigenstates |ψ 1 (t in ) and the eigenvalues I 1 that will correspond to the measured output results. However, identifying the electrical current operator is not so simple for several reasons. First, the measured current in an ammeter at time t in is not just the particle current, defined as the number of particles crossing a particular surface of the device, but it also includes the displacement current. The latter component of the electrical current is proportional to the time-dependent variations of the electric field on a particular surface of the device. Typically, such component is not relevant at low frequencies, but at larger frequencies no instantaneous current conservation at time t in can be guaranteed without it. What is the operator associated with the measurement of the total, particle plus displacement, current? The answer is not trivial at all. In fact, the measurement of the electrical current in quantum electron devices has an additional difficulty. The measurement of the electrical current corresponds to a generalized or weak measurement, which are mathematically described by a POVM. So, the proper question is even more complicated now: What is the POVM associated with the measurement of the total, particle plus displacement, current ?
Fortunately, we can describe the measurement of the total electrical current in a quantum electron device without having to anticipate the POVM. We will use in this appendix an explanation of the measurement process of the total electrical current using the Bohmian quantum theory. Such theory is formally equivalent to the orthodox quantum theory, it gives the same empirical results, but it does not require to identify a priori the measurement operator. Such theory defines a quantum system assigned to one electron by the orthodox wave function ψ 1 ( r, t) plus a quantum trajectory r 1 (t) = {x 1 (t), y 1 (t), z 1 (t)} constructed from a velocity field given by the wave function itself. Such trajectory allows the definition of the properties of a quantum system, like the instantaneous electrical current I 1 (t), independently of the fact of being measured or not. An identically prepared state for a second experiment will be described by the same wave function ψ 2 ( r, t) = ψ 1 ( r, t), but with a different trajectory r 2 (t) = {x 2 (t), y 2 (t), z 2 (t)}. The quantum uncertainty in the output value of the electrical current is due to the different initial positions of the trajectories, which describe an ensemble of identical experiments. The selection of the initial positions of the i-th trajectories is selected according to the quantum equilibrium [40] .
According to the Bohmian theory, for the electron with trajectory r 1 (t) = {x 1 (t), y 1 (t), z 1 (t)} and velocity v 1 (t) = {v 1
x (t), v 1 y (t), v 1 z (t)}, the electrical (particle plus displacement) current I 1 (t) generated in a surface of the quantum device is given by the Ramo-Shockley-Pellegrini theorem [41] . If we assume that each dimension of the lateral contact area A of the quantum device is much larger than the length L between contacts (from source to drain), i.e., √ A L, and this contacts are ideal metals (with an instantaneous screening time), then the total current generated by an electron crossing the device between the metals is given by the expression:
where Θ(t) is the Heaviside function representing the time dependence of the single electron current pulse with t 1 in and t 1 out = t 1 in + t r being the entering and leaving times, respectively, and t r is the electron transit time. The pulse starts when the electron enters the device and ends when the electron leaves it. We notice that the integration in time of Equation (A9), during the time interval L/v x , gives the fundamental electron charge t 1 out t 1 in I(t)dt = q.
As discussed in the Appendix B, we do not have a perfect control on the preparation of the electrons leaving the contacts and entering inside the device but, assuming the contact to be in (quasi) thermodynamic equilibrium we can anticipate the energy distribution of the injected electrons (Fermi-Dirac distribution) and the interval time between consecutive injection of electrons. The total (particle plus displacement) instantaneous current I exp of the device is then given by:
where N(t) is the number of electrons inside the device at time t. Expression (A10) has the desired property that the current due to all electrons inside the device is just the sum of currents due to individual electrons. Notice, however, that I exp in terms of Bohmian currents is not exactly equal to the I T defined in Equation (2) reinterpreted in terms of Bohmian currents, because a factor N in the denominator of Equation (2) is missing in Equation (A10). Finally, we emphasize that the Bohmian trajectories have been introduced in this last part just to simplify our practical discussion about the measurement of the total (particle plus displacement) current in quantum electron devices, but it has no fundamental role in the demonstration of the proposed protocol. In other words, the validity of the main result in Equation (6) can be equivalently demonstrated with orthodox quantum mechanics (as we have done) or with Bohmian quantum mechanics. The knowledge that we gain from the Bohmian development done here is that the total (particle plus displacement) current measured in experiments do satisfy the required superposition of currents associated with individual electrons and that a factor N(t) has to be added into the experimentally measured current of the modified quantum device I exp to properly define I T as I T (t) = I exp (t) N(t) where two proper ways of computing N(t) are explained in the RTD and MZI applications mentioned in th text.
Appendix C.1. On the Assumption of a Large Lateral Area in the Active Region
The size of the lateral area A is a very important point in our protocol since we want that each electron inside the device active region contribute to the measured electrical current. If the electrical current were only due to the particle (conduction) current component, then, only the electrons crossing the drain (or source) surface, would have contributed to the current. However, it is well known that the electrical current is due to both particle and displacement currents. In fact, an electron far from the drain surface can still affect the current if its dynamics generates a significant perturbation in the electric field. If the lateral area is large compared to the longitudinal ones i.e., √ A L, then, effectively all electrons inside the active device region can contribute to the measured current, as required by the operator in Equation (2). The formal derivation of this issue is presented in Ref. [8] . Thus, the large lateral area is an important point of our protocol.
Only when L W, H, then, one can ensure that all electrons are equally contributing (through the displacement current) to the total current and hence condition 2 in the main text is satisfied.
Appendix C.2. On the Assumption of an Instantaneous Screening Time in the Metallic Contacts
Next we discuss the motivation behind approximating the screening time in the metalic contacts to be instantaneous. The fact that we assume a screening time in the contacts (metals) much smaller than in the active region is something usual in electron semiconductor devices. Typically, the screening time in metals is considered to be negligible in comparison with the screening time in a semiconductor. The implications of this condition is that we do not need to simulate the electrons deep inside The mean value of the squared of the total current for distinguishable particles is therefore recovered by assuming ψ i |I|ψ j ≈ δ i,j . This constraint is fulfilled by Equation (A14), together with the definition of the current operator, which is related to momentum (proportional to a spatial derivative in the real space) and position operators. Indeed, we expect that for a weak measurement of the current discussed in the text, the state |ψ j produced by its application to a wave packet (|ψ j = I|ψ j ) is characterized by a spatial localization that does not significantly differ from the unperturbed state |ψ j , so that ψ i |I|ψ j ≈ 0 is valid.
